GlyR (Fig. 4B ) could be activated with light and were reversibly silenced by PSEM 89S during photostimulation in brain slices (Fig. 4, C and D) . Mice coexpressing ChR2 and PSAM L141F,Y115F -GlyR or expressing ChR2 alone in AGRP neurons ate voraciously in response to photostimulation after intraperitoneal (i.p.) saline injection, and, for each mouse, this consumption was used as the baseline for subsequent treatments. After i.p. administration of PSEM 89S , photostimulation-evoked feeding was strongly suppressed in mice expressing PSAM L141F,Y115F
-GlyR but not in mice expressing only ChR2 (Fig. 4 , E and F). Twenty-four hours later, photostimulation-evoked food intake recovered to baseline levels (two-way analysis of variance, one-factor repeated measure, TPSEM -GlyR and PSEM 89S constitute an effective neuronal silencer system in vivo, even for strong, synchronous depolarizing currents that result from ChR2 photoactivation.
Our results show how concerted chemical and genetic engineering of a complex ligand-binding interface can be used to develop pharmacologically selective actuators and small-molecule effectors for construction of a LGIC toolbox. PSEMs, the agonists for the resulting ion channels, act rapidly in the brain after peripheral delivery. Together, these components enable combinatorial construction ( fig. S15 ) of cell typeselective tools to control a range of conductances, which can be used to activate or silence neurons. These ion channels could be further elaborated by applying extensive structure-function relationships in Cys-loop receptors, including mutations that modify ion selectivity (27, (32) (33) (34) , intracellular interactions (35) (36) (37) , and desensitization (27, 38, 39) . The pharmacologically orthogonal ion channels described here can also be used with each other or with existing tools such as channelrhodopsin, facilitating multiple perturbations in the same organism to investigate functions of ion flux in cell biology, physiology, and behavior. (5-7) . In the North Atlantic, the dark ocean's primary production is 20 to 40% of the photic zone's exported production and may be of the same order of magnitude as the dark ocean's heterotrophic production (6) . It has been generally assumed that the predominant type of autotrophy in the dark ocean is CO 2 fixation through the 3-hydroxypropionate/4-hydroxybutyrate cycle, driven by the archaeal marine group I Crenarchaea and fueled by ammonia oxidation (8, 9) . However, archaeal nitrification may be insufficient to support the measured inorganic carbon fixation rates in some regions of the North Atlantic (6, 10, 11). Thus, as yet unidentified microbial lineages and energy sources may be responsible for a significant fraction of carbon fixation in the dark ocean. The paucity of representative pure cultures has hindered experimental and genomic studies of the majority of bacterioplankton from the deep ocean so far.
We used single-cell sorting and DNA sequencing to identify the predominant bacterial lineages in the mesopelagic that contain genes for inorganic carbon fixation (12) . This approach can link phylogenetic [such as small subunit ribosomal RNA (SSU rRNA)] and metabolic marker genes by sequencing them from the same cell obtained directly from its environment, without the need for cultivation (13) (14) (15) (16) (17) . Using single-cell sorting and whole-genome amplification, we generated libraries of prokaryotic single amplified genomes (SAGs) from surface and mesopelagic samples from the South Atlantic and North Pacific Subtropical Gyres (figs. S1 and S2). By polymerase chain reaction (PCR) and subsequent sequencing of the SSU rRNA genes, we identified 502 mesopelagic and 236 surfaceocean prokaryote SAGs ( Fig. 1 and Table 1 ). Microbial community composition, as determined by SAG libraries, differed between the surface and the mesopelagic zones within each gyre. In contrast, microbial composition was similar between samples collected at similar depths at the two stations, especially for the mesopelagic (Fig. 1 ), in agreement with past studies employing more traditional molecular techniques (18, 19) . Overall, our SAG libraries captured the majority of previously described uncultivated marine lineages and opened the door for their genomic study ( Fig. 1 and figs. S3 to S11 ).
Using PCR, we screened mesopelagic SAGs for several key genes mediating carbon fixation and chemolithotrophic energy production (table S1) and found that Deltaproteobacteria cluster SAR324, Gammaproteobacteria clusters ARCTIC96BD-19 and Agg47, and some Oceanospirillales possess genes for both carbon fixation and sulfur oxidation (Fig. 2) . PCR did not detect genes central to the reductive tricarboxylic acid cycle. However, sequences (cbbL and cbbM) coding for the large subunit of ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO), a key enzyme mediating the Calvin-Benson-Bassham (CBB) cycle, were recovered from 47% of SAR324 (the first record of RuBisCO in Deltaproteobacteria), 25% of Gammaproteobacteria, and 12% of all mesopelagic bacteria SAGs. These gene frequencies represent minimal estimates and may be higher within the bacterioplankton. Several inherent limitations in the PCR-based SAG screening approach applied here could lead to an underestimation of these frequencies, including incomplete wholegenome amplification, PCR primer mismatches, and PCR template secondary structures. For comparison, recA-normalized abundances of RuBisCO genes recovered from several dark ocean (≥500 m) metagenomes and a metatranscriptome at station ALOHA were 6 to 26% and 33%, respectively (table S2) . Together, SAR324, ARCTIC96BD-19, Agg47, and Oceanospirillales made up 31 and 34% of all bacterial SAGs from the South Atlantic and North Pacific mesopelagic, respectively. This is consistent with previous findings of high abundances of these lineages in the dark ocean in various geographic regions (18, 20, 21) , which is indicative of their significance in biogeochemical processes.
Genomic sequencing of two ARCTIC96BD-19 and two SAR324 SAGs (tables S7 to S9) recovered complete RuBisCO operons in all four SAGs (tables S10 to S13). Phylogenetic analysis of gene sequences and the presence of protein active sites, RuBP binding sites, and RuBisCO sequence motifs confirm that these are bona fide RuBisCO genes, in contrast to RuBisCO-like systems found in certain bacteria and archaea (fig. S12 and S13) (22) . Nonfunctional genes are rare in oligotrophic bacterioplankton (23, 24) . Thus, the presence of RuBisCO genes in the mesopelagic is likely to be indicative of carbon fixation via the CBB cycle by several indigenous bacterial lineages and could account for at least some of the RuBisCO proteins observed below the photic zone (25) . A closely related cDNA sequence from 500 m at station ALOHA (26) provides evidence for RuBisCO gene expression in situ ( fig. S12 ). Microautoradiography linked with catalyzed reporter deposition fluorescence in situ hybridization (MAR-CARD-FISH) performed on prokaryotes from an oceanic station in the North Atlantic ( fig. S1 ) confirmed that at least one of the RuBisCO-containing groups, SAR324, assimilated inorganic carbon in situ (Fig. 3, A and B) . The SAR324 cells constituted 6 to 17% of all prokaryotes, and 3 to 21% of SAR324 cells exhibited detectable bicarbonate assimilation throughout the meso-and bathypelagic (Fig. 3C) . The bicarbonateactive SAR324 cells made up 20.4 T 13.3% (n = 5 samples) of total bicarbonate-positive 4´,6-diamidino-2-phenylindole-stained cells, suggesting RuBisCO sequences similar to those obtained from our SAGs have been detected in other dark ocean regions, including bacterial artificial chromosomes (BACs) from the Monterey Bay OMZ (~700 to 800 m) (figs. S1 and S12 to S14 and tables S3 to S6). The arrangement of the cbb operon in BAC clones was similar to that of other RuBisCO operons (27) , and typical protein active sites and the RuBisCO motif were present in large-subunit sequences ( fig. S13) . Recently, multiple RuBisCOcontaining BAC clones were recovered from aerobic but subphotic depths (200 m) of Monterey Bay (28) . A time series study of the top 200 m indicates the highest cbbM abundance at subphotic depths, and no correlation with the concentration of chlorophyll, indicating decoupling from direct photosynthesis (fig. S15) . The high similarity of RuBisCO genes found by this and other studies in various geographic regions suggests that SAR324 cells and Gammaproteobacteria represented in our SAG libraries may be the predominant microbial groups encoding these genes in the dark ocean.
To identify potential energy sources for chemoautotrophy in the oxygenated dark ocean, we screened mesopelagic prokaryote SAGs by PCR for genes involved in sulfur, ammonia, and nitrite oxidation (table S1). We recovered amoA from the majority of mesopelagic crenarchaeal marine group I SAGs from the South Atlantic (60%) and North Pacific (81%), supporting previous reports that this crenarchaeal group is capable of nitrification (7, 9) . Although no ammonia or nitrite oxidation genes were detected in any bacterial SAGs, we found several genes involved in dissimilatory sulfur oxidation (Fig. 2) . Sulfur oxidation genes were found only in those bacterial taxonomic groups that also contained RuBisCO, and the same association was found in multiple cells originating from two geographically distant locations. Partial sequences coding for lineage I and II adenosine 5′-phosphosulfate (APS) reductase (aprA) were recovered from the Deltaproteobacteria SAR324 and Gammaproteobacteria lineages ARCTIC96BD-19 and Agg47 ( fig. S16A) . Lineage I and II aprA genes are affiliated with sulfur-oxidizing bacteria (SOB) and are phylogenetically distinguishable from APS reductase involved in sulfate reduction and assimilatory APS pathways (29) . The aprA sequences from Gammaproteobacteria SAGs clustered with SOB lineage I, whereas SAR324 aprA sequences formed a distinct cluster within SOB lineage II, closely related to Chlorobi sequences ( fig. S16A ). Reversetype dissimilatory sulfite reductase (rdsrA) genes were recovered only from SAR324 SAGs and were most similar to sequences from Chlorobi ( fig. S16B) . The consistent co-occurrence of RuBisCO, aprA, and rdsrA genes in the same bacterial lineages suggests the potential use of dissimilatory sulfur oxidation for energetic support of autotrophic carbon fixation in these microbes. *Total SAGS are the number with successfully amplified DNA product. †SAGs for which high-quality SSU rRNA sequences were obtained.
‡Percentages based on the total number of identified bacterial SAGs only; ND, no data. Additional sulfur oxidation genes were identified from whole-genome analysis of ARCTIC96BD-19 and SAR324 SAGs, including genes supporting thiosulfate oxidation, adenosine 5′-triphosphate (ATP) sulfurylase, and sulfate permease (tables S10 to S13). The SAR324 cells also contained genes potentially supporting the oxidation of carbon monoxide and methane and a suite of genes found in methylotrophic pathways (table S14) . Together, these data suggest a flexible and opportunistic metabolic lifestyle of the SAR324 lineage.
Because these RuBisCO-containing bacterial lineages are found throughout the dark oxygenated water column (Fig. 3C and fig. S2 ), it is not immediately apparent what the sources of reduced sulfur compounds are that would be required for chemolithotrophic energy production. Reduced inorganic sulfur is rare outside the vicinity of hydrothermally active or upwelling regions (2, 30) . Possible other sources include proteins, osmolytes (such as dimethylsulfoniopropionate), and particles, the hot spots of microbial activity that may contain anoxic microniches (5, 31, 32) . Supporting the latter, we detected a suite of motility and adhesion genes in SAR324 cells (table S15) and confirmed their common association with particles in situ (Fig. 3A) . Likewise, Agg47 cells have also been found to be preferentially on particles (33) . Recently, an active but cryptic sulfur cycle was reported in the OMZ waters off the coast of Chile, where sulfide produced from sulfate reduction is immediately oxidized and therefore does not accumulate in the water column (4). The ARCTIC96BD-19 lineage is phylogenetically close to the SUP05 cluster, which dominates many OMZ regions, suggesting the possibility of a similar sulfur dynamic mediated by the former lineage even in welloxygenated waters.
All four ARTIC96BD-19 and SAR324 genomes possessed multiple ATP-binding cassette (ABC) transporters for sugar transport and accessory periplasmic components, as well as several amino acid and oligopeptide transporters (table S14), often in tandem, indicating co-regulation. This suggests a likely mixotrophic lifestyle for these RuBisCO-containing lineages.
We have demonstrated that several uncultured Proteobacteria lineages that are indigenous and abundant in the dark oxygenated ocean are likely mixotrophs and have the potential for autotrophic CO 2 fixation, coupled to the oxidation of reduced sulfur compounds. Some of these dark ocean bacteria may also be methylotrophs, using reduced single-carbon compounds as energy sources for growth. These previously unrecognized metabolic types of dark ocean bacteria may play an important role in global biogeochemical cycles, and their activities may in part reconcile current discrepancies in the dark ocean's carbon budget. 
